Pulsed-wire evaporation (PWE) was used to synthesize copper nanoparticles having an average diameter of about 100 nm. These were coated with 1-octanethiol (CH 3 (CH 2 ) 7 SH) under high vacuum (HV) (5.33 © 10 ¹4 Pa) using vapor self-assembled multilayers (SAMs) to prevent oxidation of the nanoparticles. Conductive nanoink made from the coated nanoparticles was printed on glass. The printed patterns were sintered in hydrogen (99.999 vol%) and mixed gas (Ar 95 vol% + H 2 5 vol%) atmospheres; a high copper line density was achieved. Differential scanning calorimetry (DSC) established that the removal temperature of 1-octanethiol was 143°C, well below the 350°C sintering temperature. Complete removal of 1-octanethiol after sintering was confirmed by X-ray photoelectron spectroscopy (XPS). The resistivity of the hydrogensintered copper sample was 1.74 © 10 ¹7 ³·m. This dry powder fabrication and coating method is an alternative approach to inhibit copper oxidation and form inkjet-printed lines.
Introduction
Inkjet printing for the fabrication of electronic devices is an attractive emerging technology because it is a simple, environmentally friendly, and cost-effective process. 15) Inkjet printing is less expensive and waste less material than photolithography.
610) Moreover, inkjet printing can be done at lower temperatures because conductive inks or pastes containing nano-or sub-micron-sized metallic particles sinter at lower temperatures. This has enabled the fabrication of electronic devices on flexible substrates. 11, 12) The use of metal nanoparticles with inkjet printing has been studied for more than a decade and typically used gold, silver, palladium, and other noble metals.
1315) However, widespread use of these materials has been limited because of their high prices and scarcity.
Copper is less expensive than the noble metals, has good thermal and electrical conductivities, but is easily oxidized. 16, 17) Many approaches have been used to synthesize copper nanoparticles, including solgel, solvent extraction/ reduction, and alcohol reduction. 18, 19) However, these methods often use toxic chemicals and are generally timeconsuming.
To overcome these problems, pulsed-wire evaporation (PWE) can be used. It is a dry method for the fabrication of nano-sized powders. Nano-sized powders fabricated by this technique have been mainly used in powder metallurgy. M. Umakoshi et al. 20) used PWE to explode a metal or alloy wire by passing a high impulse of current through it. The wire, heated to its boiling point, becomes vaporized. Fine metallic droplets form, and vapors can be condensed into nano-sized powders. 20) This approach thus produces nano-scale particles in an eco-friendly way where it does not produce any chemical toxic wastes compared to other conventional chemical synthesis of powders. Moreover, PWE method has its yield of 80% which is pretty high compared to the competing wet methods. However, PWE method usually results in a wide range of particle size distribution where the competing chemical synthetic methods can have narrow range of particle size distribution. To resolve this problem of having a wide range of particle size distribution, PWE has a filter to collect particles in the desired particle size range. In this study, we have synthesized conductive metal powders using PWE for applications in inkjet technology. 1-Octanethiol, an alkanethiol having low toxicity and boiling point (197°C), was used with self-assembled multilayers (SAMs) on the surface of copper nanoparticles under high vacuum (HV) (5.33 © 10 ¹4 Pa). Coating with 1-octanethiol induces strong physical and chemical bonding between the terminal sulfur and the surface of the pure copper nanoparticles. 21) Seong et al. have shown that 1-octanethiol SAMs on the surface of copper nanoparticles prevented oxidation for about 35 d. 22, 23) Previously, preparation of oxidation preventive Cu nano ink was reported where Cu powders were prepared by a polyol process which is a chemical process. 24) In our study, conductive nanoink containing 10 mass% copper, was prepared by dispersing 1-octanethiol-coated copper nanoparticles in organic solvents where Cu powders were prepared by PWE method. This nanoink was then inkjet-printed on glass to form conductive copper patterns.
Analytical tools such as differential scanning calorimetry (DSC), X-ray photoelectron spectroscopy (XPS), and 4-point probe were used in the work reported here.
Experimental Procedure

Materials
Copper nanoparticles (99.9 mass% purity, 100 nm copper, Nanotechnology Inc.) were made by the PWE method. This method produces nanoparticles of uniform quality 20, 2528) and is described below.
The principle of dry PWE is shown in Fig. 1 . A pulsed high voltage (26 kV) was applied to both ends of an 80-mm-long thin (0.4 mm) copper (>99.9 mass% purity) wire in the chamber with its pulse length of 3 © 10 4 A/mm 2 every 4 µs. The copper wire vaporized at around 20000°C which is the critical temperature for vaporization. Cooling the vapor to room temperature provided copper nanoparticles that were about 100 nm in diameter. Spherical (100 nm) copper nanoparticles have previously been produced from condensed nanoclusters. 29, 30) Our pure copper nanoparticles fabricated by PWE were then exposed to 1-octanethiol (98.5 at% Sigma Aldrich, USA) vapor for 5 min. The coating procedure was repeated six times as the procedure is described below.
The pure copper nanoparticles were placed in a powder bottle within a vacuum chamber (Fig. 2) . The source bottle, containing 1-octanethiol liquid, was located outside the vacuum chamber. When the chamber was pumped down to the desired vacuum level (5.33 © 10 ¹4 Pa), the valve between the source bottle and vacuum chamber was opened to allow 1-octanethiol vapor to flow into the vacuum chamber. The 1-octanethiol vapor coated the surface of the copper powders as they were rotated in the bottle at 25 min ¹1 and thereby formed 1-octanethiol SAMs on the copper nanoparticles.
22)
Preparation of conductive copper ink
Ink containing coated copper nanoparticles was prepared using a mixed solvent of diethylene glycol (DEG), isobutyl alcohol (IPA), and ethanol (DEG : IPA : ethanol = 6 : 2 : 2 vol%). The copper nanoparticles were dispersed in the premixed solvent followed by sonication for 1 h.
Printing of conductive copper ink
An inkjet printer (Dimatix Materials Printer DMP-2800, Dimatix Inc., CA, USA) printed the prepared ink onto glass that had been cleaned with IPA. The printer consisted of a drop-on-demand (DOD) piezoelectric inkjet nozzle with a 21.5-µm orifice. The print head was mounted onto a computer-controlled three-axis gantry system. Printing was done at 1270 dpi at 21 V. The printed copper patterns were 20 mm © 1.5 mm.
Sintering
The printed patterns were sintered at 350°C for 4 h in either H 2 (99.999 vol%, Daesung Sanso) or mixed gas (H 2 5.18 vol% + Ar 94.81 vol%, Daesung Sanso) atmospheres. The heating rate was 5°C/min. The patterns were then heated at 150°C for 30 min to remove any residual organic material. Samples were prepared and tested in triplicate.
Measurement
The thickness (t) of a sintered copper pattern was measured using an Alpha-Step P-1 profilometer (SLtech, Korea) as shown in Table 1 . A four-point probe system 31) (CMT-SR1000N, Chang Min, Korea) was used to measure the sheet resistance, R sheet . The electrical resistivity (µ) was calculated as µ = R sheet © t. 3 samples were tested for each atmosphere. The measured thicknesses and electrical resistivity values are listed in Table 1 to compare to those with that for bulk Cu. Transmission electron microscopy (TEM) was used to measure the thickness of the SAMs and to detect any signs of oxidation. XPS was used to confirm the formation of 1-octanethiol SAMs on the surface of the copper nanoparticles and to detect any residual sulfur after sintering copper pattern. The 1-octanethiol-coated copper nanoparticles were examined using DSC (DSC7020, Seiko Instrument, Japan) to establish the 1-octanethiol removal temperature. Finally, field-emission scanning electron microscopy (FE-SEM) analysis was used to examine the morphology of the copper patterns.
Results and Discussion
Sub-100 nm copper nanoparticles were successfully produced using the dry PWE technique. TEM was used to measure the thickness of a 1-octanethiol coating and to Preparation of Conductive Nanoink Using Pulsed-Wire-Evaporated Copper Nanoparticles for Inkjet Printingdetermine whether the copper nanoparticles had oxidized. As shown in Fig. 3 , the coating on the surface of the copper nanoparticles was approximately 10-nm thick. The diffraction pattern showed that the coated copper nanoparticles were not oxidized. Figure 4 shows the XPS spectrum of 1-octanethiol-coated copper nanoparticles. A peak due to CuS bonding was observed near 162 eV (Fig. 4) , indicating that 1-octanethiol SAMs had formed successfully on the surfaces of the nanoparticles. Because 1-octanethiol is a non-conductive material, any 1-octanethiol left on a printed pattern would decrease the conductivity of the pattern. Thus, optimized sintering conditions are crucial to be established for the complete removal of the 1-octanethiol SAMs before necking among Cu powders.
DSC was used to observe the removal temperature of 1-octanethiol from the coated copper nanoparticles (Fig. 5) . A sharp endothermic transition at 143.3°C corresponds to the removal of 1-octanethiol SAMs. Therefore, a sintering temperature of 350°C used in this study, was well above this removal temperature and ensured that the 1-octanethiol coating burned off completely.
XPS analysis of sintered copper patterns confirmed complete removal of the 1-octanethiol SAMs (Fig. 6) . The absence of a CuS peak at 162 eV indicated that the CuS bonds had completely decomposed.
SEM images of copper patterns sintered in different gas atmospheres are shown in Fig. 7 . Significant necking of the copper nanoparticles was observed in both hydrogen and mixed gas atmospheres. However, necking and growth was greater in the hydrogen atmosphere than in the mixed gas atmosphere, indicating that hydrogen suppressed oxidation successfully during sintering.
Electrical resistivity has been reported for sintered copper patterns in various atmospheres. 32) Kang et al. reported that a conductive ink having 40 mass% copper when printed by inkjet gave a resistivity of 3.67 © 10 ¹8 ³·m. Our study used a much lower copper content (10 mass%) but gave a comparable resistivity (1.74 © 10 ¹7 ³·m) when sintering was done in hydrogen atmosphere. Moreover, we used the dry PWE method to fabricate the copper nanopowders, while the other studies used a liquid-based (polyol) process. Therefore, considering copper nanopowders being fabricated by dry PWE method, which is a unique method with its low copper content (10 mass%), the resistivity value obtained in this study is pretty reasonable.
The resistivity of our copper pattern was 1.74 © 10 ¹7 ³·m when sintered in hydrogen atmosphere (Sample a) and 9.68 © 10 ¹7 ³·m when sintered in the mixed gases (Sample b) ( Table 1) . This difference is consistent with the microstructural differences between the two samples (Fig. 7) . Therefore, it was found that particle growth and necking among copper particles is influenced significantly by the sintering gas atmosphere.
Conclusions
Copper nanoparticles having an average diameter of about 100 nm were successfully synthesized by the PWE method which is a dry Cu powder fabrication method. This approach produces nano-scale particles in an eco-friendly way where it does not produce any chemical toxic wastes compared to other conventional chemical synthesis of powders. PWE method also has its high yield of metal powders compared to the competing wet fabrication methods. A 10-nm-thick layer of 1-octanethiol was coated onto the nanoparticles using SAMs for oxidation prevention. Conductive copper ink (10 mass% Cu) prepared using a DEG-based solvent was inkjet-printed. The printed copper patterns were sintered in hydrogen or mixed gas. The removal temperature of 1-octanethiol SAMs was found to be about 143°C by DSC, indicating that 1-octanethiol would be removed at our sintering temperature (350°C). The electrical resistivity of the copper patterns was 1.74 © 10 ¹7 ³·m when sintered in hydrogen and 9.68 © 10 ¹7 ³·m when sintered in the mixed gases. SEM images showed that the grain growth and necking among the copper nanoparticles sintered in hydrogen were greater than for those particles sintered in the mixed gas. Sintering for 4 h in hydrogen thus improves growth and necking of the copper nanoparticles and reduces the electrical resistivity of copper patterns made from the nanoparticles.
Overall, our dry powder fabrication and coating method effectively inhibited oxidation and enabled the formation of acceptable inkjet-printed line patterns.
